The changing climate will expose boreal forests to rising temperatures, increasing soil nitrogen (N) levels and an increasing risk of herbivory. The single and interaction effects of warming (+2°C increase), moderate N addition (30 kg ha −1 year −1 ) and bark herbivory by large pine weevil (Hylobius abietis L.) on growth and emissions of biogenic volatile organic compounds (BVOCs) from shoots of Scots pine (Pinus sylvestris L.) seedlings were studied in growth chambers over 175 days. In addition, warming and N addition effects on shoot net photosynthesis (Pn) were measured. Nitrogen addition increased both shoot and root dry weights, whereas warming, in combination with herbivory, reduced stem height growth. Warming together with N addition increased current-year shoot Pn, whereas N effects on previous-year shoot Pn were variable over time. Warming decreased nonoxygenated monoterpene (MT) emissions in June and increased them in July. Of individual MT compounds, α-pinene, δ-3-carene, γ-terpinene and terpinolene were among the most frequently responsive compounds in warming treatments in the May-July period. Sesquiterpene emissions were observed only from warming treatments in July. Moderate N addition increased oxygenated monoterpenes in May, and MTs in June and September. However, N addition effect on MTs in June was clearer without warming than with warming. Bark herbivory tended to increase MT emissions in combination with warming and N addition 3 weeks after the damage caused by weevils. Of individual compounds in other BVOC blends, herbivory increased the emissions of methyl-benzene, benzene and hexanal in July. Hence, though both warming and N addition have a potential to change BVOC emissions from Scots pines, the N effect may also be partly cancelled by warming. Furthermore, herbivory pressure in combination with climate warming and N addition may, at least periodically, increase BVOC release to the atmosphere from young Scots pine seedlings.
Introduction
The global mean surface temperature has risen to 0.72°C since the 1950s, and climate warming is expected to continue during this century, due to the ongoing increase of CO 2 and other greenhouse gases in the atmosphere (IPCC 2013) . Though warming effects on forest trees are likely to be species-specific (Way and Oren 2010) , longer and warmer growing seasons are generally expected to favour tree growth and carbon assimilation in boreal regions (e.g. Way and Oren 2010, Kasurinen et al. 2012) .
Simultaneously with climate warming, terrestrial ecosystems are exposed to increasing nitrogen (N) inputs globally. Nitrogen is one of the growth-limiting factors in boreal regions (Hyvönen et al. 2007) , although in the future, increasing nitrous oxide (RuohoAirola et al. 2015) and ammonium deposition (Simpson et al. 2014) may increase the N availability in forest soil. Currently, N deposition ranges from~1 kg N ha −1 year −1 in remote areas to 100 kg N ha −1 year −1 in the most polluted regions in Europe (Hyvönen et al. 2007 , EMEP 2015 . There is evidence that even a relatively low N deposition rate (dose <6 kg N ha −1 year −1
) has the potential to change ecosystem diversity and functioning in the boreal regions (Bobbink et al. 2010 ). In addition, climate warming may also enhance the soil N mineralization process (Contosta et al. 2011) , thereby causing an increase in soil N levels. So far, fertilization experiments employing high N doses (>50 kg N ha −1 year −1 doses) in boreal forests show changes in plant N concentrations, understory plant community composition and tree growth (Högberg et al. 2006 , Hyvönen et al. 2008 , Bobbink et al. 2010 , Gundale et al. 2014 . Climate warming and changes in soil fertility affect the lifestyle of plants and insects. If climate warming causes more frequent insect outbreaks, northward extending distribution of herbivores, or if the success of herbivores is increased due to the warmer growing conditions (Bale et al. 2002 , Ammunét et al. 2012 , Haynes et al. 2014 , warming-induced increases in tree productivity might be reduced. Nitrogen inputs may also increase the susceptibility of vegetation to insect attacks by increasing the plant N concentrations (Throop and Lerdau 2004) . Increasing soil fertility has been suggested to enhance the success of foliar-feeding herbivores, thereby potentially increasing herbivore pressure in boreal forests in the future (Holopainen et al. 1995, Throop and Lerdau 2004) . However, N effects on other feeding guilds, such as bark herbivores, may be either positive or negative, and therefore, the potential N-mediated herbivory effect (i.e., indirect N effect) on forests is not yet clear (Throop and Lerdau 2004) .
Plants can emit large amounts of carbon (up to 10% of recently fixed carbon) as biogenic volatile organic compounds (BVOCs) into the atmosphere (Peñuelas and Llusià 2003) . Biogenic volatile organic compounds have an important role in plant-insect and plant-plant communication and defence (Holopainen and Blande 2012) , and their effects on atmospheric oxidation capacity, the chemistry of ozone (O 3 ) and on the formation of secondary organic aerosols have been recognized (e.g. Riipinen et al. 2012 , Paasonen et al. 2013 . Scots pine (Pinus sylvestris L.) is one of the dominant tree species of boreal forests in Europe (Kaila and Ihalainen 2014) and emits large quantities of various terpenes (Lindfors and Laurila 2000) . Thus, any climate or biotic factor change that is reflected in BVOC emissions from Scots pine stands will also be likely to affect the chemical and physical properties of the atmosphere Staudt 2010, Paasonen et al. 2013) .
For Scots pines, increases in BVOC emissions (e.g. in mono-(MT) and sesquiterpene emissions (SQT)) have been detected under moderate (+1°C) warming ), but there have also been opposite effects of warming. For instance, Räisänen et al. (2008) observed a decrease in pine MT emissions after a 2-6°C temperature increase in their experiment. In contrast to warming, the effects of increased soil N level on BVOC emissions have been studied to a lesser extent, and the results have been inconsistent (no change, decrease or increase) as reviewed by Ormenõ and Fernandez (2012) . Even with a similar N dose and within the same tree species, the response of BVOC emissions to N can be highly variable. Blanch et al. (2007) detected reduced terpene emissions in young (2-year-old) Mediterranean pine (Pinus halepensis) under high N addition (250 kg N ha
), whereas in their later study with the same species and N dose, no change in the foliar terpenoid concentration was observed (Blanch et al. 2009 ). In addition, an increase in soil N availability from 32 to 105 kg N ha −1 year −1 did not increase the MT concentrations of Scots pine seedlings (Kainulainen et al. 2000) , while McCullough and Kulman (1991) observed increased MT concentrations in jack pine (Pinus banksiana) needles under 140 kg N ha −1 year −1 fertilization. Recently, it was also shown that high soil N availability (120 kg N ha −1 year −1 addition) further enhanced the effect of temperature increasing the BVOCs emitted from young Scots pines ). In the same research, the moderate needle loss due to herbivory (~10% needle loss in current-year main shoots) in combination with warming increased MT emissions from Scots pines. The above results thus emphasize that the responses of BVOC emissions to warming can become more prominent when in combination with increased soil N availability and herbivory than when pines are exposed to warming alone . In this experiment, the single and combined effects of warming (+2°C increase), moderate N addition (30 kg N ha
) to soil and bark herbivory on growth and BVOC emissions from the shoots of Scots pine seedlings were studied. Large pine weevil (Hylobius abietis L.) can cause severe damage in cultivated areas in boreal cforests by feeding on phloem and bark in young seedlings (Örlander and Nilsson 1999) . Large pine weevils can cause an increase in MT and SQT emissions from Scots pine seedlings by damaging bark, but they also affect the BVOC emissions from undamaged foliage due to systemic response (Heijari et al. 2011) . The experiment was conducted in controlled growth chambers over a 175-day exposure period, mimicking the growth conditions of May-September in Central Finland. Based on the existing literature, we expected that (i) warming, N addition and bark herbivory all have the potential to change the growth of shoots and roots, as well as the BVOC emissions of Scots pine seedlings. In addition to single effects, (ii) complex interactions are likely to occur between the abiotic (warming and N addition) and biotic (herbivory) factors. Furthermore, besides the direct N effects on Scots pine seedlings, (iii) N addition has a potential to increase herbivory damage intensity and thereby cause an indirect N effect on BVOCs or shoot and root growth.
Materials and methods
Plant material, warming and N addition treatments in the chambers seedlings overwintered 2013-2014 outdoors at the Research Garden of the University of Eastern Finland. On 31 March 2014, 1 week before planting, they were taken indoors to become gradually acclimated to greenhouse conditions (3 days at +4°C, 2 days at +6°C, 1 day at +10-14°C and finally moved to a greenhouse at +20-22°C). During this period, the seedlings were sprayed with tap water once a day. After 1 week indoors, they were planted in plastic pots (6 l pots) filled with a 2-cm layer of LECA gravel in the bottom and with mineral forest soil (sieved through 0.5-cm mesh to remove larger stones and debris), collected from a pine forest near the research station of the Natural Resources Institute of Finland, Suonenjoki. The soil contained on average 4.2 ± 0.16 mg g −1 of carbon (C), 306 ± 9.9 mg kg −1 of N, 1.3 ± 0.05 mg kg −1 of phosphorus (P), 25 ± 0.9 mg kg −1 of potassium (K), 88.9 ± 7.2 mg kg −1 of calcium, 11.8 ± 0.9 of mg kg −1 of magnesium and 1.2 ± 0.03% of organic matter. The average pH was 5.6 ± 0.06 and the C:N ratio 13.9. On 9 April 2014, 48 1-year-old seedlings were evenly divided among the six growth chambers (Weiss Bio 1300; Weiss Umwelttechnik Gmbh, Germany). In this experiment, three chambers were used in an ambient temperature treatment, the air temperature in these chambers following the long-term seasonal mean temperature conditions of the May-September period in Kuopio, Central Finland (Figure 1, Table S1 available as Supplementary Data at Tree Physiology Online). In the other three chambers, where the warming treatment was applied, air temperature was increased by +2°C from that in the ambient temperature chambers ( Figure 1A) . In all the chambers, the maximum light intensity was 250 μmol m −2 s −1
, and the photoperiod ranged from 17:7 to 20:4 (light:dark hours, Table S1 available as Supplementary Data at Tree Physiology Online) during the experiment. Nitrogen addition (30 kg N ha −1 year −1 , Peatcare Slow Release 1 fertilizer, N:P:K 9:3.5:5, Yara) to soil was performed to 24 randomly selected seedlings at the time of planting, while the remaining seedlings did not receive any fertilization. Thus, in each chamber, there were four seedlings with N addition and four seedlings without N addition ( Figure 1A ). The seedlings were watered with tap water whenever necessary (monitoring was done every second day) during the chamber experiment.
Herbivory treatment
On 30 June 2014 (82 days after of the initiation of the chamber experiment, Figure 1B ), one seedling with N addition and one Figure 1 . Chamber experiment design (A) and timeline (B) for the different measurements in 2014. Each ambient and elevated temperature chamber (A) contained eight seedlings that were divided into two nitrogen (N) treatment levels. In each chamber, one seedling per each N level was selected for herbivory (H+) treatment, whereas the remaining seedlings were allocated to no herbivory (H−) treatment. Biogenic volatile organic compound (BVOC) emissions were measured from all eight seedlings, but net photosynthesis (Pn) only from one H− seedling per each N level in each chamber. The timeline (B) shows the duration of May-September conditions in the chambers. Altogether, the chamber experiment lasted for 175 days in 2014, and during that period, five BVOC and Pn measurements were taken from the seedlings (the measurements were performed 20, 69, 103, 138 and 173 days after the initiation of the experiment). The × symbol at the 82-day time point marks the initiation of a 24-hour-long herbivory experiment with weevils in June, and the × symbol at the 175-day time point marks the final harvest of the seedlings.
Tree Physiology Online at http://www.treephys.oxfordjournals.org without N addition from each chamber were randomly chosen for the short-term herbivory exposure (24-h feeding) conducted with large pine weevil (H. abietis L.) ( Figure 1A ). The weevils for the herbivory treatment were caught with pitfall traps from two recently felled Scots pine stands in the Pieksämäki region, Central Finland (Silmutsuo: N 62°24′46′ E 26°49′48′ and Tervanen: N 62°28′ 12′ E 27°2′48′) in early summer 2014. After trapping, the weevils were transported to the laboratory at the Department of Environmental and Biological Sciences, UEF, Kuopio, where they were stored in a refrigerator at +4-5°C until a 24-h starvation period, prior the initiation of the herbivory treatment in the chambers.
For the 24-h herbivory treatment, two weevils per seedling were placed in a cage surrounding the lower part of the stem. The cage was made of a clear plastic 250 ml cup, which was cut in half and placed around the stem. At the top of the cage, the hole was sealed with cotton wool in order to protect the stem from being wounded and to allow air exchange. The part of the cage touching the soil was sealed with wet quartz sand (<5 μm quartz, Nilsiä quartz sand; SP Minerals Oy Ab, Nummela, Finland) to ensure that the weevils could not escape from the cage. Damage intensity was determined from the main shoots of the 12 herbivory-exposed seedlings at the end of the chamber experiment. Based on stem base diameter (i.e. radius = r) and the total main shoot length (l), the whole bark surface area (A) for main shoots was calculated using the equation A = 2π · r · l. The Hylobius-damaged bark surface area of the whole main shoot area was then marked with black permanent marker and photographed with 1 cm 2 measure for scaling purposes. The photographs (damage intensity) were analysed using the ImageJ programme (version 1.47). After applying the herbivory treatment, there were in total eight different treatment combinations (n = 3 per each treatment, Figure 1A ). From hereon, the following abbreviations are used for the temperature and soil N levels within the herbivory (H+) and non-herbivory (H−) treatments: C = control (ambient temperature + no N added), T = temperature increase alone (+2°C increase), N = N addition alone (30 kg ha
), TN = temperature increase and N addition in combination.
BVOC sampling and analysis
Samples for BVOC analysis were collected from shoots five times from all the Scots pine seedlings during the experiment in 2014. The BVOC measurements were conducted 20 (May), 69 (June), 103 (July), 138 (August) and 173 (September) days after the initiation of the chamber experiment (Table S1 available as Supplementary Data at Tree Physiology Online, Figure 1B ). For sampling, the shoot of the seedling was carefully enclosed in a pre-cleaned (120°C, 60 min) polyethylene (PET) cooking bag (Rainbow, ITS foil, film & paper products, The Netherlands). The bag size was 25 × 38 cm (volume 2.5 l) in the May-June measurements, but from July onwards, larger (size 35 × 43 cm, volume 4.0 l) bags were required, as the size of the shoots increased. The bag was ventilated through Teflon tubing with a flow of filtered and MnO 2 scrubbed air (flow rate 400 ml min −1 ) for 10 min prior to sampling. A 10-min sample collection was started immediately after the ventilation. Custom-made sampling boxes containing the filters and pumps (12 V Rietschle Thomas, Puchheim, Germany) for inflow into the bag and outflow from the bag were used in the samplings. The air sample from the bag was collected with a purified stainless steel tube (Perkin Elmer, Boston, MA, USA) filled with adsorbents (Tenax TA and Carbopack B, 100 mg of each, mesh 60/80, Supelco, Bellefonte, PA, USA). The flow rate through the tube was set to 200 ml min −1 with an M-5 bubble calibrator (A.P. Buck, Orlando, FL, USA), while an inflow (400 ml min
) of purified air into the bag was maintained during the sampling. A higher inflow was used to create overpressure and to prevent outside volatile organic compounds from leaking into the system (Kivimäenpää et al. 2013) . Air temperature and relative humidity inside the bag were monitored during the whole sampling time (DS1923-F5# Hygrochron; Maxim Integrated, San Jose, CA, USA). Background air samples were collected from empty bags in each measurement campaign. The sample tubes were sealed with brass caps immediately after the sampling, refrigerated (+5°C) and analysed within 2 days.
The analyses of BVOCs were performed at the Department of Environmental and Biological Science, UEF, Kuopio, by gas chromatography-mass spectrometry (Hewlett Packard 6890, MSD 5973, Palo Alto, CA, USA). The BVOCs were first thermodesorbed (ATD400; Perkin Elmer, Wellesley, MA, USA) and then separated using an HP-5 capillary column (50 × 0.2 mm, film thickness 0.33 μm). The carrier gas was helium. The oven temperature was kept at 40°C for 1 min, raised to 210°C at the rate of 5°C min −1 and finally to 250°C at the rate of 20°C min −1 . The BVOCs were identified by comparing their mass spectra to those given in the Wiley data library and quantified from total ion counts, using a pure standard solution (Fluka, Buchs, Switzerland) of α-pinene for non-oxygenated monoterpenes, 1,8-cineol for oxygenated monoterpenes, β-caryophyllene for sesquiterpenes or 3-cis-hexenol for other compounds. The software Enhanced ChemStation (Agilent Technologies, Santa Clara, CA, USA) was used to analyse the chromatograms, followed by extracting and sorting by an in-house function in Excel (Faubert et al. 2012 ). The presented dataset includes the BVOCs that were found in at least 5% of the samples, and with ≥70% certainty.
In order to calculate the BVOC emission rates from shoots, the length of main and lateral shoots, the average length of needles and the total number of needles in the main and lateral shoots inside the BVOC collection bags were determined. The needle area (A n ) was then calculated according to Flower-Ellis and Olsson (1993) (Eq. 1): The emission from the shoots was calculated and related to the needle area with the Eq. (2):
where E is the emission rate (ng cm
), C out = BVOC concentration in the outgoing air (ng l ) and A n = needle area (cm 2 ). The flow rate to the PET bag was 0.4 l min −1 and C out was considered to be 0 because the incoming air was filtered, and the quantities of BVOCs determined from the empty PET bag samples were subtracted from the shoot emission results. The detected compounds (Table S2 available as Supplementary Data at Tree Physiology Online) were grouped into non-oxygenated monoterpenes (MT), oxygenated monoterpenes (ox-MT), SQT and other BVOCs. Oxygenated MTs were analysed separately from MTs, as the magnitude of response to warming may differ between these compound groups . To make the emissions comparable with each other, they were standardized to 30°C using the algorithm by Guenther et al. (1993) . The coefficient β of the algorithm was 0.09 for monoterpenes (Guenther et al. 1993) , 0.16 for SQTs (Tarvainen et al. 2005) and 0.1 for other BVOCs (Guenther et al. 2012 ).
Photosynthesis and growth measurements
The net photosynthesis (Pn) was measured with an infrared gas analyser (Licor 6400XT; Licor, Lincoln, NE, USA) equipped with an opaque conifer chamber (Licor 6400-22; Licor) and a RGB light source (Licor 6400-18; Licor). The Pn measurements were carried out at the same time as BVOC collections from the shoots (i.e. 20, 69, 103, 138 and 173 days after the initiation of the chamber experiment, Figure 1B ) in 2014. The measurements were conducted at the saturating light level (1500 μmol m −2 s −1 determined from the light saturation curves) and actual treatment temperatures (i.e. in control treatment temperature conditions and in control plus a 2°C increase temperature conditions). In the first measurement (May), Pn and needle area were measured only from the previousyear shoots, but in the latter measurements (June to September), the Pn and needle areas of previous-and current-year main shoots were both measured. Needle areas for the shoots used in the Pn measurements were determined and calculated as explained for BVOCs above. Two seedlings per each chamber were used in the Pn measurements (N = 12), i.e. one H− seedling per each N level in each chamber ( Figure 1A ). The height and stem base diameter (at 4 cm height from soil) of the seedlings were measured at the beginning and end of the experiment, and the lengths of all buds from the upper part of the seedlings (i.e current-year shoots) were measured at the end of the experiment. At the final harvest ( Figure 1B) , previous-and current-year needles as well as previous-and current-year stems were separated from each other, and roots were collected from the pots and washed. For the dry weight measurements, all the plant parts were dried at +60°C until constant weight was reached. On the basis of the shoot and root dry weight data, shoot mass fractions were calculated by dividing the total dry weights of the shoots by the total dry weights of the seedlings (unit g g
−1
).
Statistical analyses
The main and interaction effects of warming, N addition and herbivory on BVOC emissions and growth were tested using the linear mixed model (LMM) ANOVA design, where the fixed factors were two temperature, N and herbivory levels. The total emissions of MTs, ox-MTs, SQTs and other BVOCs were tested separately for each measurement campaign. Since no seedlings from the herbivory treatment were used in the Pn measurements ( Figure 1A ), the data were tested using repeated measures LMM ANOVA, where the fixed factors were the two temperature and N levels, and five measurement time points. The weevil-damaged area in the main shoots at the end of the chamber experiment was tested for main and interaction effects of warming and N addition with LMM ANOVA. For all LMM ANOVA designs, chamber identity was used as a random factor in the test.
Principal component analysis (PCA) was performed to assess the relationship between the MT and other BVOC blends and different treatments in the each monthly measurement. The scores of the first two principal components (PCs) generated were tested for treatment effects with LMM ANOVA as described above. Prior to the PCA analyses, one outlier was removed on the basis of graphical Hotelling's T2 confidence level examination, and the variables were unit-variance scaled. The emissions of a few oxMTs detected in June and July, and other BVOCs detected in September, were tested using the same LMM ANOVA design as the total emissions of four different BVOC groups described above. Since the data for 1,8-cineole (ox-MT) in July and xylene and benzene (other BVOCs) emissions in August did not meet the LMM ANOVA test assumptions, these data were tested using Kruskal-Wallis one-way ANOVA. Main and interaction effects were considered statistically significant at P ≤ 0.05 and marginally statistically significant at P ≤ 0.1. If there were statistically or marginally statistically significant interactions, they were further studied by the simple main effects test (i.e. post hoc test for interactions in multifactorial ANOVA at P ≤ 0.05 level reported only) with Bonferroni corrections. IBM SPSS Amos 21 was used for the LMM ANOVA tests, while the PCA tests were performed using Simca 14 (Umetrics, Umeå, Sweden).
Results

Photosynthesis and growth responses to warming, N addition and herbivory
In the main shoots, the weevil-damaged area ranged from 3.6 ± 3.4 to 7.4 ± 1.7 cm 2 (mean ± SE) of the total bark surface area among the treatments, but there were no significant warming or N addition effects (data not shown). The effect of N addition on the Tree Physiology Online at http://www.treephys.oxfordjournals.org net photosynthesis (Pn) rates in previous-year shoots varied over the season. Hence, before July, Pn rates in previous-year shoots increased, and after July decreased as a result of to high N ( Figure 1Sa available as Supplementary Data at Tree Physiology Online), and the clearest differences in Pn rates due to N addition were detected in June (a 75% increase in Pn, Table S3 available as Supplementary Data at Tree Physiology Online) and in August (a 37% decrease in Pn, Table S3 available as Supplementary Data at Tree Physiology Online). In the case of current-year main shoots, warming increased Pn rate in combination with N addition (i.e., TN treatment increased the Pn rate by about 65% when compared with that observed in the N treatment), but without N addition, there were no clear warming-induced changes in Pn rates ( Figure S1b and Table S3 available as Supplementary Data at Tree Physiology Online). Nitrogen addition increased current-year shoot needle and stem dry weights and previous-year shoot stem dry weights, as well as root dry weights (N main effects, Table 1 ). The total shoot dry weight increase was 37% and root dry weight increase was 66%, resulting from N addition, but there was no clear change in shoot mass fractions under high N treatments (Table 1) . Warming tended to increase current-year needle dry weights (17% increase, Table 1 ) and affected stem heights, but only when in combination with herbivory treatment (T × H interaction, Table 1 ). Hence, the stem heights of seedlings under warming treatments were reduced by 11% when compared with seedlings under H+ treatment without warming (Table S3 available as Supplementary Data at Tree Physiology Online), but no clear decreases or increases in stem heights due to warming were seen in H− seedlings. When H− and H+ seedlings were combined, the average bud length was increased by 51% due to N addition and by 29% due to warming, but warming and N addition in combination did not have any additive effect on bud lengths (T × N interaction, Table 1, Table S3 available as Supplementary Data at Tree Physiology Online) when compared with single warming and N exposures. Of the measured growth variables, only stem base diameter showed a marginally statistically significant three-way interaction (T × N × H interaction, Table 1 ). The above interaction was mainly due to a warming-induced decrease (19% decrease) in stem diameter when the seedlings were growing without N addition but exposed to herbivory (Table S3 available as Supplementary Data at Tree Physiology Online).
Total BVOC emissions under warming, N addition and herbivory treatments
The total non-oxygenated MT and other BVOC emissions were highest (total MTs 21-1970 and total other BVOCs 2.7-12.6 ng cm
) in May before the herbivory treatment, while the highest total ox-MT emissions were detected in July (0-3.7 ng cm
). In June, and after the herbivory treatment (July and August), MT emissions remained <200 ng cm −2 h −1 until they decreased to <50 ng cm −2 h −1 in the September measurement. Total other Table 1 . Above-and below-ground growth (means ± SEs) of Scots pine seedlings exposed to two temperature, nitrogen and herbivory levels at the end of the chamber experiment 2014. Variables measured were current-and previous-year needle and stem dry weights, total root dry weights, shoot mass fraction (shoot dry weight divided by total seedling dry weight), stem height (previous + current-year stem height combined), stem base width, average bud length (all buds in the current-year shoots measured). Treatment abbreviations in non-herbivory (H−) and herbivory (H+) seedlings: C = control (ambient temperature + no N addition), T = temperature increase alone, N = nitrogen addition alone and TN = temperature increase and N addition in combination; n = 3 per treatment.
Only statistically significant (P ≤ 0.05, linear mixed model ANOVA) or marginally significant (P ≤ 0.1) main and interaction effects on growth are shown. ns, not significant.
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BVOC emissions remained <3 ng cm −2 h −1 in the June to September measurements. Emissions of total ox-MTs were 0-1.39 ng cm −2 h −1 in the May to September period, whereas SQT emissions were detected from June onwards only, ranging from 0 to 2.4 ng cm −2 h −1 in the June to September period.
Nitrogen addition tended to increase the emission rate of total ox-MTs in May (Figure 2A ). In June, MT emissions were decreased by warming and increased by N addition ( Figure 2B) . However, the increase in MT emission rates due to N addition was clearer without warming than with warming, which indicates that warming partly cancelled the effect of N on total MT emissions when both factors occurred together (T × N interaction, Figure 2B , Table 2 ). In July, SQTs were emitted from the seedlings grown in warming treatments only ( Figure 3A ). In July, warming, N addition and herbivory all increased total MT emissions ( Figure 3B ), but only when all these factors occurred together (T × N × H interaction, Figure 3B , Table 2 ). In September, N addition had a tendency to increase MT emissions ( Figure 3C ).
BVOC blends under warming, N addition and herbivory
Altogether, 39 BVOCs (Table S2 available ) dominated total other BVOC emissions. The blend of MTs was marginally affected by T × N interaction (Figure 4A and B; PC1 explains almost 61% of the total variation in the MT data) in May. The seedlings exposed to warming alone Figure 2 . The oxygenated monoterpene (ox-MT) (A) emissions in May and the non-oxygenated monoterpene (MT) (B) emissions in June (values are means ± SEs). The data are shown at the N main effect (A) and the T × N interaction (B) levels. Abbreviations for T × N interaction: C = control (ambient temperature + no N addition), T = temperature increase alone, N = nitrogen addition alone, TN = temperature increase + N addition in combination. The P-values for statistically significant (P ≤ 0.05) and for marginally statistically significant (P ≤ 0.1) main and interactions effects are shown in the figures (n = 12 for main effect and n = 6 for T × N interaction). Table 2 . Results of simple main effects (SME) test with Bonferroni corrections for shoot non-oxygenated monoterpene (MT) emission data (June and July collections were tested separately).
Month
Tested variable Tested interaction SME comparison SME test P-value Direction of change 1 Grouping factor in SME test. 2 Tested effect within a grouping factor. SME comparison column tells within which factor the tested factor became statistically significant (P ≤ 0.05). Example of SME test interpretation: when N addition effect (N+) was compared against the low N seedlings (N−) within ambient temperature (T−) conditions, N addition caused a 138% increase in MT emission. Abbreviations: T− = ambient temperature, T+ = elevated temperature, N− = no N addition, N+ = N addition, H− = no-herbivory and H+ = herbivory. Before the statistical analyses, the data were standardized to 30°C according to Guenther et al. (1993) using the β-value 0.09 (Guenther et al. 1993 ).
Tree Physiology Online at http://www.treephys.oxfordjournals.org (T) emitted more limonene, α-pinene, δ-3-carene, α-thujene, camphene, terpinolene, γ-terpinene, α-phellandrene, myrcene, p-cymene and sabinene than did C seedlings (Table 3 ). In addition, T seedlings also emitted the above compounds more than did TN seedlings (Table 3 ). In June, MT blends in elevated temperature treatments differed slightly from those in ambient temperature, and the blends under N addition treatments differed significantly from those without N addition ( Figure 4C -F, PC1 explains 55% of the total variation in MT blends). Increased emissions of tricyclene, camphene, verbenene, β-ocimene and α-pinene were related to N addition treatments, while decreased emissions of terpinolene, γ-terpinene, limonene, tricyclene, β-ocimene, myrcene, α-pinene and sabinene were mainly associated with elevated temperature treatments. In July, the PCA analysis revealed a significant effect of warming on the blend of MTs along PC1 (Figure 5A and B; almost 66% of the variation in MT data is explained by PC1), as increased emissions of δ-3-carene, γ-terpinene, α-phellandrene, terpinolene and p-cymene were related to elevated temperature treatments. In August, a slightly significant N × H interaction on MT blend along PC2 was detected (PC2 explains about 25% of the total variation, Figure 5C and D), as the largest emissions of most MTs were associated with H+ seedlings under N addition (Table 3 ). In September, the PCA revealed a marginally significant effect of elevated temperature on MT blend along PC1 (PC1 explains 38% of the total variation in MT blend, Figure 5E and F), as seedlings under warming treatments (T and TN seedlings) tended to have smaller emissions of most of the compounds than did non-warmed seedlings (C and N seedlings).
A T × N interaction and herbivory tended to affect the blend of other BVOCs in July (PC2 explains about 24% of the total variation, Figure 6 ). Warming affected other BVOC blends (Table 3) , as the emissions of phenol and octanal were mainly associated with T treatment. Seedlings under herbivory tended to emit more methylbenzene, benzene and hexanal (herbivory main effect, Figure 6C and D) in July. Of the individually analysed other BVOCs (benzene, methyl-benzene, 1,2,3-trimethylbenzene and xylene), xylene was slightly decreased by warming in September. However, in August, seedlings under warming tended to emit xylene (Kruskal-Wallis' one-way ANOVA, P < 0.1, data not shown).
Of individual ox-MT compounds (data not shown), N addition increased the emission of bornyl acetate (N main effect, P < 0.05) in June and that of camphor in July (N main effect, P < 0.05). In July, Tree Physiology Volume 38, 2018 warming and N addition both tended to increase camphor emissions in combination with herbivory (T × N × H interaction, P < 0.1).
Discussion
Warming effects on BVOC emissions are variable and interact with other environmental factors
In general, the highest MT emissions from Scots pine seedlings occurred in May and the lowest in September, which is common for Scots pines in Finland (Hakola et al. 2006) . As expected, warming affected BVOC emissions, especially those of MTs. However, the warming effects were not consistent throughout the experiment. In May, warming did not affect total MT emissions, whereas in June, MT emissions decreased due to warming. Warming also reduced the increase in total MT emissions caused by N addition in June, but in August to September warming did not affect the MT emissions clearly. The above response to warming in the seasonal pattern of MT emissions does not seem to follow Figure 4 . The mean principal component (PC) scores (means ± SEs) with their respective loading variables for non-oxygenated monoterpenes (MTs) in May (A, B) and June (C-F). The variation explained by each PC is shown in parentheses. The data are shown at T × N interaction (A), temperature (B) and at N main effect (C) level. Abbreviations for T × N interaction: C = control (ambient temperature + no N addition), T = temperature increase alone, N = nitrogen addition alone, TN = temperature increase + N addition in combination. The linear mixed model ANOVA P-values for statistically significant (P ≤ 0.05) and for marginally statistically significant (P ≤ 0.1) main and interaction effects are shown in the figures (n = 12 for main effects and n = 6 for T × N interaction).
Tree Physiology Online at http://www.treephys.oxfordjournals.org the modelled pattern reported in Räisänen et al. (2008) , where almost 20-year-old Scots pine trees exposed to +2 to +6°C temperature increases showed a clear decrease in MT emissions in the May to June period and an increase in MT release in the August to September period. However, in Räisänen et al. (2008) , Scots pines were mature and exposed to higher and wider temperature regimes than were the young seedlings in our chamber experiment.
Since MT emissions are considered to be highly temperaturedependent, an increase in MT emissions can be expected due to warming in the middle of the growing season, when the background temperatures are also higher than in other months (Räisänen et al. 2008 ). In our experiment, warming did indeed increase mid-season MT emissions, especially when in combination with N addition and herbivory. Kivimäenpää et al. (2016) also detected that, after 2 years of exposure in field, moderate warming (+1°C temperature elevation) increased MT emissions from Scots pine seedlings, this warming-induced increase being further enhanced under high soil N levels (120 kg ha
). However, in contrast to our finding, Kivimäenpää et al. (2016) did not observe a three-way interaction of warming, N addition and herbivory on total MTs. Furthermore, recently Ghimire et al. (2017) reported that in the third exposure season of the above field experiment, warming and N addition interactions varied, as in mid-season (July) warming in combination with high N decreased and in late season (August) increased MT emissions. Nonetheless, our short-term chamber study and the above field experiment both suggest that warming effects on Scots pine BVOCs can be modified by other co-occurring factors, such as increased soil N availability, and these complex interactions have to be taken into account when estimating the potential climate change effects on boreal Scots pine stands.
In this experiment, the only detected sesquiterpene was β-caryophyllene. In July, only warmed seedlings emitted β-caryophyllene, but this trend did not continue later in the season. In general, SQT emissions are expected to increase with increasing temperature (Duhl et al. 2008) , and in a few papers , the proportion of Scots pine seedlings emitting more SQTs has been reported to increase as a result of moderate warming. However, in contrast to the above observations , in our experiment, only one SQT was emitted from the seedlings, and its emissions remained low throughout the experiment. The discrepancy between our experiment and that of Kivimäenpää et al. (2016) might be partly be due to the different pine seed origins, exposure conditions (chamber vs field experiment) and the duration of the exposures (one growing season vs two growing seasons). On the other hand, the seasonal pattern of SQT emission in our experiment was similar to that detected earlier in the field for a mature Scots pine (Hakola et al. 2006 ). In our experiment, SQT emissions peaked in summer as β-caryophyllene was found from June onwards only. An increase in BVOC emissions seems to occur simultaneously with the initiation of shoot elongation (Aalto et al. 2014 , shoot growth being at its maximum in spring or early summer in Scots pines. In our experiment, bud and shoot elongation started in June, and thus, the increase in SQT emissions coincided with it, supporting the earlier findings by Kivimäenpää et al. (2016) and Aalto et al. (2014) .
According to Taft et al. (2015) , α-pinene and β-pinene concentrations can be more responsive to climatic variables than are other individual MT compounds, and therefore, the impacts of climate change on BVOC blends need to be studied further. In our experiment, warming usually increased the emissions of individual MTs in the blend. Consistent with Taft et al. (2015) above, we found that in May, warming increased the emissions of α-pinene, but also that limonene, δ-3-carene, α-thujene and camphene emissions were increased. In June, however, the emissions of many individual MTs in the blend decreased due to warming, while then again in July, the emissions of δ-3-carene, α-phellandrene, p-cymene, γ-terpinene and terpinolene increased due to warming. More support for our findings on warming effects on individual MTs comes from Kivimäenpää et al. (2016) , who have also observed that emissions of γ-terpinene, terpinolene and 1,8-cineole may increase or become more common in Scots pine shoots as a result of a moderate temperature increase. Kivimäenpää added SME comparison column tells within which factor the tested factor became statistically significant (P ≤ 0.05). Score data (PC1 and PC2) were obtained from principal components analysis (PCA), i.e. tested variables were scores of non-oxygenated monoterpene (MT) emission compositions measured under May and August conditions, and other BVOC emission compositions under July conditions. T− = ambient temperature, T+ = elevated temperature, N− = no N addition, N+ = N addition, H− = no-herbivory and H+ = herbivory. Before the statistical analyses, the emission data were standardized to 30°C according to Guenther et al. (1993) using the β-value 0.09 for MTs (Guenther et al. 1993) and 0.1 for other BVOCs (Guenther et al. 2012) .
Tree Physiology Volume 38, 2018 et al. (2016) also reported that total ox-MT emission from Scots pine was more responsive to warming than was total MT emission. An increase in ox-MTs may indicate increased synthesis of less volatile compounds (Niinemets et al. 2004 ) in order to reduce passive loss of terpenoids under warming .
In the present study, however, this difference in warming response between the ox-MTs and MTs was not detected. For individual oxMTs and other BVOC blends, warming effects were less consistent than those detected for MT blends. However, the above data show that more climate change studies are needed, including the responses of individual BVOC compounds in the blend rather than simply the responses of total BVOC emissions to warming.
Nitrogen addition affected BVOC emission rates more often than warming and herbivory
Nitrogen addition effects on BVOC emission rates were complex, as in mid-season, N addition mainly interacted with warming and/ or herbivory treatments, while in early and late season, N addition affected the BVOC emissions alone. For instance, N addition decreased other BVOC emissions and increased ox-MT emissions Tree Physiology Online at http://www.treephys.oxfordjournals.org in May, also increasing MT emissions in September, regardless of the other factors. In contrast to our results, Ghimire et al. (2017) reported an increase in mid-season ox-MT emission under N addition, while Kivimäenpää et al. (2016) reported that N addition alone caused only a negligible increase in BVOC emissions from Scots pine. However, in June, MT emissions were increased under N addition only, without warming, and in July, an N-induced increase in MTs occurred only in combination with the other studied factors. Hence, in contrast to the findings of Kivimäenpää et al. (2016) , in our experiment, N addition alone affected the BVOC emissions, but N did not clearly or consistently modify the effects of warming on BVOC emissions, and in some cases, N effects were reduced due to warming. The discrepancy between the above findings could arise from differences in the N levels, seed origin and duration of the experiments. Our experiment was a relatively short-term exposure study using a modest N dose (30 kg N ha
), whereas in Kivimäenpää et al. (2016) and in Ghimire et al. (2017) , Scots pine seedlings had been grown under warming and high N (120 kg N ha
) exposures for 2 and 3 years, respectively. The clearest N addition effect on BVOC blends was observed in June, when N addition caused higher emissions of five different compounds, the most common of which were α-pinene and tricyclene. Recently, Mateirć et al. (2016) Bark herbivory effects on BVOC emission rates were seen only when in combination with warming and N addition Herbivory alone did not affect the BVOC emissions in the current experiment. This may have been due to the short feeding period (low feeding damage) and measurement interval. We used a 24-h feeding period for the weevils and did not measure BVOC emissions immediately after the feeding damage, but only several days later. Earlier studies with conifers and weevils have shown that weevil damage can cause an increase in both localized and systemic BVOC emissions and that the BVOC emissions from shoots or stem bark can increase several-fold immediately after feeding damage by H. abietis (Heijari et al. 2011 , Kovalchuk et al. 2015 . However, we detected increased MT emissions under a combination of herbivory, warming and N addition 3 weeks after feeding damage. Similarly, Ghimire et al. (2017) reported increased MT and ox-MT emissions from Scots pine under combined herbivory and N addition treatment 6 weeks after the feeding period, while Kivimäenpää et al. (2016) reported herbivory and warming interaction on MT emissions nearly 10 months after feeding damage. All the above findings suggest that, under simultaneous warming and N addition exposures, the post-feeding herbivory effects on BVOCs may occur from weeks to months after the damage. Interestingly, there was no increase in SQT emissions resulting from bark herbivory, though β-caryophyllene has been suggested to be important in defence against herbivores, both directly (e.g. in Hymenaea sp., Langenheim 1994) and indirectly (e.g. in Zea mays, Köllner et al. 2008) .
The effects of marginally significant N × H interaction on MT blend in August showed that herbivory seedlings growing in increased soil N level were emitting more α-pinene, limonene, camphene, tricyclene, myrcene and p-cymene than were nonherbivory seedlings at high soil N level. Since N addition effects on herbivory damage intensity were negligible, indirect N effects via enhanced damage intensity do not explain the observed increases in BVOC emissions under increased soil N levels. Of the above compounds, α-pinene and camphene emissions have been shown to increase in moth caterpillar-damaged pinyon pines (Pinus edulis) (Trowbridge et al. 2014) , and α-pinene, limonene and myrcene have been shown to increase in Scots pines after large pine weevil attacks (Heijari et al. 2011) . Also, Norway spruce (Picea abies Karst.) trees attacked by European spruce bark beetle (Ips typographus L.) have been shown to have increased tricyclene, α-pinene, camphene, limonene and myrcene emissions from the bark surface . Furthermore, the blend of other BVOCs in July was slightly affected by herbivory, as higher emissions of methyl-benzene (toluene), benzene and hexanal were emitted from the herbivory seedlings when compared with non-herbivory seedlings. Hexanal emission is commonly induced by herbivory in plants (reviewed by Arimura et al. (2009) ). Methyl-benzene and benzene have also been found in the BVOC emissions of conifers, but their occurrence has not been linked to herbivory damage (Faiola et al. 2015 , Misztal et al. 2015 . However, other benzenoid compounds have been detected in plants under herbivore attack and they are considered to be related to their defence mechanisms, e.g. indole in maize (Zea mays) (Erb et al. 2015) and estragole in loblolly pine (Pinus taeda L.) (Hayes et al. 1994). Warming, N addition or herbivory did not cause clear changes in shoot mass fractions Warming and herbivory had minor effects on shoot and root dry weights in general, but N addition increased both above-and below-ground growth of seedlings. In fertile soil conditions, trees have been suggested to preferentially invest more carbon in their shoot growth than in root growth (e.g. Holopainen 2001, Vicca et al. 2012 ). In our experiment, however, neither N addition nor any other of the studied factors, alone or in combination, changed the shoot mass fractions, indicating that carbon allocation to shoot and root growth was similar among the different treatments. In the current experiment, the growth response of seedlings to warming also differed from those found in a recent Scots pine field experiment (Rasheed et al. 2017) , where moderate (+1°C) warming increased both shoot and root growth after 3 years of exposure. However, since the warming exposure lasted for only one growing season, and Scots pine is considered to be a relatively slow-growing tree species, our experiment might have been too short to detect warming-induced changes in shoot and root growth.
In general, warming, N addition and herbivory had only few complex interaction effects on growth or Pn. For instance, although bark herbivory damage intensity was low (on average 2% of the total stem area), it modified the warming effect on stem height growth, as warming reduced stem height growth only in combination with herbivory. Our results, however, show that even a moderate increase in soil N levels (30 kg ha −1 y 1 ) can increase net photosynthesis (Pn) in previous-year shoots in early season, as well as modify warming effects on Pn rates in current-year shoots. The lack of a clear warming effect alone on shoot Pn in this chamber experiment is similar to Kivimäenpää et al. (2016) who did not find any clear changes in the gas exchange of young Scots pine after 2 years of field exposure to +1°C warming.
Conclusion
Based on the current multifactorial experiment, carbon allocation pattern between shoot and root growth in Scots pines may not be changed so clearly as a result of warming, N addition and herbivory, at least in a short-term exposure period. In agreement with recent field experiments, warming and herbivory may change carbon release from young Scots pine seedlings as BVOC emissions in fertile soil conditions, and thereby ultimately affect the forest-atmosphere-climate interactions and feedbacks in the boreal region. However, more studies on BVOC blend responses rather than on total BVOC emission responses in multifactorial experimental designs are needed, in order to properly assess climate change effects on boreal Scots pine stands.
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